Abstract. Orientation-imaging microscopy offers unique capabilities to quantify the defects and damage evolution occurring in metals following dynamic and shock loading. Examples of the quantification of the types of deformation twins activated, volume fraction of twinning, and damage evolution as a function of shock loading in Ta are presented. Electron back-scatter diffraction (EBSD) examination of the damage evolution in sweeping-detonation-wave shock loading to study spallation in Cu is also presented.
Introduction
The development of predictive material constitutive and damage models requires an understanding of the influence of shockwave loading on material response. Such models are needed to support large-scale engineering simulations of the high-strain-rate response including large-strain plasticity, damage evolution, failure, and fragmentation of materials subjected to impulsive loading. Extensive research over the past five decades has provided a wealth of experimental data and insight concerning shock hardening and the spallation response of materials subjected to square-topped shock-wave loading profiles [1] . In this paper, the influence of shock-wave pulse shape on the process of damage evolution during spallation is systematically studied via soft-recovery samples for quantification of the void and shear/strain localization damage evolution imposed during spallation loading. Post-mortem, metallographic information (quantifying the influence of shock-wave profile shape on damage) serves as input for the development of predictive modelling of loading scenarios where materials are subjected to high explosive (HE)-driven shocks.
In this paper, the influence of direct, HE-driven, shock loading on defect generation in Ta and on the damage evolution in Cu is presented. Shock-loading a material via direct high explosive loading imparts a complex loading path that evolves both spatially and temporally. This subjects a material to a "Taylor wave" (triangular-shaped wave) loading profile that is comprised of an evolving balance of hydrostatic (spherical) and deviatoric stresses [2] . The manifestation of this effect is that directly under the initiation of detonation of an explosive the loading will initially be nominally 1-D with the hydrostatic loading component dominant. Furthermore, a fully developed sweeping detonation wave running along a plate of material (obliquity > 80 degrees) will experience a decreased peak hydrostatic shock stress (> factor of two) while the deviatoric shear stresses are increased significantly (two orders of magnitude) for a von Mises isotropic material. Considerably less is known concerning twinning propensity as well as the defects and damage evolution during spallation resulting from direct, in-contact, HE-driven shock loading where a "Taylor-wave" shockwave profile is applied, let alone a sweeping detonation Taylor-wave loading where the applied stress tensor evolves as a function of obliquity.
Experimental Procedures
The tantalum studied in this investigation was commercially pure, triple electron-beam melted and annealed plate, 10.2 mm in thickness obtained from Cabot Corporation. The chemical composition (in wt%) was analyzed to be carbon 10 ppm, oxygen 50 ppm, nitrogen 10 ppm, hydrogen 5 ppm, tungsten 25 ppm, niobium 25 ppm, titanium 5 ppm, iron 5 ppm, and the balance Ta. The plate was produced from an ingot, which was forged into a billet; this was then annealed, and subsequently cut prior to cross rolling. The plates were straight-rolled in the final finishing passes. Cross rolling of the Ta plate resulted in divergence from the typical straight-rolled texture, from a partial to a nearly continuous g fiber (<111>// D), along with the virtual extinction of the partial a fiber (<110>//RD). The texture was moderately sharp, with the <111> fiber component approximately eight times random. Average grain size of this material was 42 µm.
Systematic small-scale direct energetically-driven shock loading experiments were conducted where Ta samples were shock loaded with pentaerythritol tetranitrate (PETN) using an exploding foil initiator (EFI) or 'slapper' to initiate detonation in the PETN pellet. The PETN explosive pellets were pressed to average densities in the range of 1.50-1.55 g/cc. The subsequent interaction of the detonation front with the metal target transmits a shock wave into the target and reflects a shock wave back into the detonation products. The interactions of these shock waves with the materials and the material boundaries dictate the time-varying stress states that cause plastic deformation and thereafter damage evolution and spallation to proceed. In this configuration the PETN was center-detonated as schematically shown in Figure 1a . For this sweeping-wave experiment, an 8mm diameter cylinder that was 4-mm thick was shocked via direct loading from a 2-mm thick PETN pellet. Once the metal target disc is shocked and begins to accelerate, the shock set-up was configured such that the sample impacts a block of open cell polymer foam (30mg/cc) where it decelerates to a stop.
Targets for relatively larger scale, sweeping detonation-wave loading tests were prepared from fully annealed oxygen free high conductivity (OFHC) copper. The samples had 40 µm equiaxed grains following annealing at 600 ºC for 1 hour. The samples were 25.4mm thick x 76.2 mm wide x 127 mm long. Equal thickness rails made of 1018 steel that were 38mm in width surrounded the sample to provide relief from the transverse and end (longitudinal) rarefactions along the edges that tend to cause the edges to lag. The explosive drive was provided by Detasheet, initiated with a line-wave generator. The line-wave generator is produced by extruding XTX explosive into tracks that form equal-lateral triangles. The line wave generators have a small arrival time ripple on the output wave that corresponds to the spacing between the tracks, and the average output simultaneity is ±10 ns. The experimental configuration used 8 mm of Detasheet that was separated from the copper by a 6.35mm layer of 0.25 g/cc polyurethane foam. The purpose of the foam is to allow the explosive products to expand before interacting with the sample, thereby producing a reduced amplitude oblique shock in the sample.
Both the Cu and Ta specimens were cross-sectioned and prepared for optical metallography and electron backscatter diffraction (EBSD) [3] . Automated EBSD scans were performed at 20 kV in an FEI XL30 FEG-SEM equipped with TSL data acquisition hardware and software. In the case of the Ta, white rectangle locations shown in Figure 1b detail the three different areas chosen for EBSD analysis. The average twin fraction calculated is representative for each region. These regions were orientation-mapped with a step size of 0.15 µm in a hexagonal grid. EBSD twin identification was accomplished by defining a twin boundary based on an axis-angle misorientation criterion, using a minimum rotation about the direction common to both parent and twin orientations necessary to bring the matrix and twin orientations into coincidence [4] . A novel twin characterization and identification approach using automated electron backscattered diffraction (EBSD), as detailed by Mason et al. [5] , was employed. This technique, described elsewhere in detail, enables the collection of twin data in numbers imparting statistical significance. Potential twin boundaries are identified by interrogating the EBSD data and thereafter analyzed for specific misorientation relationships associated with likely twin systems. These candidate twins are then substantiated or rejected by twin plane (K 1 ) pole matching and boundary trace analysis. The analysis is based on classical deformation twin theory and results in the identification of the specific active K 1 and shear direction (η 1 ). Using this approach, specific twins of a given type can be spatially located and rapidly identified. Thereafter the relationship between the applied stress and the propensity for twinning can be explored by comparison of the Schmid factors for each twin system identified.
Influence of Shockwave Obliquity on Twin Formation in Ta
The damage and substructure evolution of the shock-processed Ta as a function of obliquity was examined optically and the types and volume fractions of the deformation twins were quantified using EBSD scans as a function of position within the samples. The 1-D impedance match of the PETN into the Ta is calculated to be nominally 60 GPa, a significant magnitude shock. Optical metallography reveals gradients in the apparent slip band density and propensity for deformation twins as a function of position within the sample. In response to the diverging detonation wave, the sample displays a higher density of slip bands and twins near the two outside corners in contact with the PETN, as well as incipient ductile spallation fracture in the center of the sample away from the explosive. In 1-D spallation samples, the spall strength has been documented as between ~5.2 to 6 GPa for square-shaped pulse shock loading [6] . This emphasizes the importance of examining the effects of shock obliquity on defect generation and damage evolution in addition to shock pulse shape and pulse duration on spallation [7] .
Quantification of the influence of shock obliquity on deformation twin propensity was conducted using optical metallography and EBSD imaging of the Ta sample. Results are presented as a function of position compared to the detonation source as denoted in Figure 1b . The optical metallography and EBSD imaging revealed that the density of identifiable twins was positively correlated as a function of detonation wave propagation distance from the point of initiation in the sample. Figure 2 shows optical micrographs and Figure 3 shows the representative EBSD images for the center-initiated shocked sample at fixed magnifications for the three locations. Quantitative analysis of the EBSD images as a function of location was further used to calculate the average twin fraction as presented in Table 1 . All the twins observed were of the K 1 = {112}, η 1 = <111> type. The twin volume fraction was seen to increase by over a factor of 2, from the central point of detonation across to towards the two edges of the sample where the shock loading has transitioned to a fully developed sweeping detonation wave. The observation of a reasonably modest twin volume fraction adjacent to the PETN initiation site, associated with the peak shock hydrostatic stress, is in stark contrast to previous 1-D square-wave shock loading of high-purity Ta shocked to only 20 GPa which exhibited numerous deformation twins [8] . The current findings of the importance of shockwave obliquity on twinning propensity in Ta are, however, consistent with the previous observations of Sanchez et al. [9] , where the obliquity of the shock wave seems to suppress the critical shock pressure for Cu. Sanchez et al. observed twinning in Cu at pressures of only 11 GPa in contrast to an established critical twinning pressure of ~20 GPa.
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Damage Evolution in Sweeping-Detonation Wave Spallation of Cu
Energetic-driven oblique shock loading of Cu was seen to result in a single opened incipient scab layer as well as a gradient of additional void and cracking damage as a function of position from initiation of the sweeping wave as seen in Figure 4 . The secondary incipient damage below the main spall scab is seen to evolve from isolated voids, denoted as location "a", to some coalescing voids to eventually a series of cracks comprised of nominally equally spaced coalescing void sheets, denoted by location "b". The evolution in the secondary damage as a function of run distance for the sweeping wave points to the evolution of a steady-state condition requiring a sweep distance of ~ 60mm. The evolution of isolated voids followed by coalescing sheets of voids and thereafter a series of 4 void lines and secondary cracking demonstrates the importance of how sweeping waves require a finite distance to achieve steady-state drive. This also underscores that release propagation is dependent on the details of the energetic drive, sample wave speeds, and geometry. Predictive modeling of the kinetics of the damage evolution in materials subjected to sweeping waves will require 2 and 3-D models where the full tensor components of the loading are described. Optical images did not reveal any visible microstructural changes as a function of distance from the detonation point, besides the spall opening indicated by the bulging of the tested plate. However, this is a usual occurrence especially in the case of subtle, more incipient damage and/or deformation. Electron Backscattered Diffraction was used to interrogate specific regions for detection of obliquity effects as a function of distance from the detonation point. For EBSD analysis we selected two regions approximately 2 inches apart along the x direction as shown in Figure 4 . Two sets of scans with a step size of 0.7 microns were performed. The EBSD data indicates no microstructural differences between the two regions interrogated. Usual indicators we are looking for are grain orientation gradients as witnesses of anisotropic deformation, enhanced localized misorientations as potential damage initiation sites, and deformation twins as suggesting a change in the balance of hydrostatic and deviatoric stresses and also potential damage nucleation sites were all examined. However, both crystal orientation maps and the kernel average misorientation maps are similar for the two regions interrogated. In addition, no deformation twins have been identified. Future work will concentrate on finding other indicators that will help identify any subtle differences in either the defect type and volume fraction or the damage evolution between the two regions interrogated.
Summary
EBSD characterization of preshocked Ta is shown to provide valuable information on twin system activation, twin volume fractions, and the microstructural details associated with the damage evolution. The EBSD results on the Ta as a function of position revealed increasing twin density that correlates with the greater predicted shock obliquity and therefore the shear stresses imposed on the Ta lattice. In addition, the spallation response of Cu is demonstrated to be critically dependent on the shockwave profile and the stress-state of the imposed shock. EBSD quantification of the damage evolution of both Cu and Ta subjected to dynamic loading and/or shock spallation loading is demonstrated to provide both insights into the operative damage nucleation and evolution mechanisms but also statistical data concerning the defect types activated and their propensity as a function of the experimental loading path.
